Radiation in space generally produces higher dose rates than that on the Earth's surface, and contributions from primary galactic and solar events increase with altitude within the magnetosphere. Presently, no personnel monitor is available to astronauts for real-time monitoring of dose, radiation quality and regulatory risk. This group is developing a prototypic instrument for use in an unknown, time-varying radiation field. This microdosemeter-dosemeter nucleon instrument is for use in a spacesuit, spacecraft, remote rover and other applications. It provides absorbed dose, dose rate and dose equivalent in real time so that action can be taken to reduce exposure. Such a system has applications in health physics, anti-terrorism and radiation-hardening of electronics as well. The space system is described and results of ground-based studies are presented and compared with predictions of transport codes. An early prototype in 2007 was successfully launched, the only solid-state microdosemeter to have flown in space.
BACKGROUND
The space radiation environment is composed principally of protons and electrons with smaller amounts of higher atomic number ions. Principal sources are galactic cosmic rays, solar particle events and radiations trapped in the magnetic fields of celestial bodies. In the past, the risk to astronauts has been regulated and based upon the criterion that any increased risk for lifetime mortality should be limited to 3 % over the lifetime risk of death from cancer, generally considered to be the major consequence from radiation exposures (1) . Estimated risks of cancer are significant and impose corresponding limits on the flight time in space for astronauts, while potentially contributing to long-term health issues. There are major uncertainties associated with these cancer estimates as well as additional potential risks to the central nervous system and prodromal effects not presently taken into account. Therefore, there remain extensive health issues to be clarified to adequately define the level of risks to astronauts. The objective of this research project is to develop a prototypic active solid-state instrument to measure in real time the dose, dose rate and quality factor, thus avoiding the calculation of LET distributions from measured fluence distributions as a function of energy and particle type, data that are not normally available and usually much more difficult or impossible to measure.
RESEARCH PLAN
The proposed research consists of four programme elements:
(1) improvements to the state-of-the-art of solidstate dosimetry and microdosimetry, (2) development of an improved instrument suitable for spaceflight, (3) utilisation and potential development of improved sensors and (4) performance assessments based on radiation sources and beams at the Naval Academy and the NASA Space Radiation Laboratory at Brookhaven National Laboratory (NSRL/BNL) and studies using the radiation transport codes Geant4 and MCNPX.
Advantages of solid-state microdosemeters in comparison with proportional counters conventionally used in health physics applications are that they The instrument under development is also remotely programmable and will be suitable for applications in spacesuits, spacecraft, rovers and other remote applications.
METHODS AND PROCEDURES
The design consists of three components: (1) a custom-designed analogue sensor board with the sensor and pre-amplifying circuits; (2) a custom digital analyzer board with A/D conversion, pulseheight determination and a processor to store data locally and change instrument parameters such as gains, thresholds and number of spectrum channels and (3) an optional interface board to provide connectivity with the external environment of power and commands in the spacesuit, rover or spacecraft (2) . A number of microdosemeter sensors are being evaluated, including the first generation Centre of Medical Radiation Physics of the University of Wollongong (CMRP/UoW) silicon-on-insulator (SOI) microdosemeter based on the Fujitsu test structure and employed in the MidSTAR-I spacecraft and a new CMRP/UoW microdosemeter sensor. For testing, the project has access to radiation sources in the Academy's nucleonic laboratory including 14.5-and 2.5-MeV neutron beams, 5.485-MeV alpha 241 Am sources, Pu -Be sources and in the physics department a 3.4-MeV proton beam and 5.4-MeV alpha beam. The Geant4 code has been running and the US Naval Academy is a beta site for the MCNPX code with Dr Pisacane as the point of contact.
RESULTS AND DISCUSSION
Early prototype instruments were used to characterise beams of protons and heavier ions of carbon, oxygen, silicon, titanium and iron at the NSRL/ BNL on the 10-mm sensor here. Figure 1 presents dose distributions as a function of event size (Y ) in silicon for four ions beams. These data were taken with the benchtop system here in this study that is not limited by mass or power. The area under each curve in the interval [Y 1 , Y 2 ] is proportional to the fractional dose deposited in that interval and the total integral dose for each curve has been normalised to one (using a Geant4-generated extrapolation to lower event sizes for protons where there are no data for purposes of normalisation only). Table 1 compares the event size frequency distributions f (Y ) of the experimental data with that estimated by Geant4 and in addition shows the mean stopping power, dE/dx estimated by SRIM (3, 4) . The discrepancies between the Geant4 and experimental results are known to result from deficiencies in modelling the sensor; contamination in the primary beam, typically about 20 -30 % of the fluence rate, of heavy ions other than the primary ions; and uncertainties in the calibrations. The detector calibration was accomplished by measuring the distribution of energy deposition in the sensor from alpha particles emitted from an 241 Am source collimated to the cross-sectional dimensions of the detector array. The energy distribution of the alphas emitted from the source itself were measured directly in surface-barrier detectors with the source both uncollimated and collimated with a multi-hole collimator to minimise beam divergence. The source surface was positioned 7 mm from the array surface. The energy distributions were measured in a vacuum for the primarily calibration and then in air to determine the correction to the calibration factor to account for energy loss and scattering arising from the 7 mm of air. A cross calibration of the voltage output per unit charge produced is also obtained by applying a known voltage pulse of typically a millivolt or two to a capacitor of known capacitance, typically 2.2 pF. Figure 2 is a comparison of the dose distribution of titanium as a function of lineal energy ( y) in tissue of experimental data with the corresponding radiation transport code Geant4 where, again, the area under each curve is proportional to the fractional dose. This sensor was 2 mm thick.
SPACE MISSIONS

MidSTAR-I mission
The microdosemeter-dosemeter nucleon (MIDN)-I instrument was launched on the MIDSTAR-I spacecraft, shown in Figure 3 , in March 2007. It is the only solid-state microdosemeter ever flown in space.
Noise from the spacecraft power system did not satisfy specifications in orbit and saturated the lowlineal energy region of the instrument so radiation events were difficult to observe, which were below the background noise. However, the design included an electronic test pulser, so it was possible to determine that the instrument was operating properly in space and able to transmit data back to the ground station as expected. Figure 3 illustrates the MidSTAR spacecraft built by faculty and midshipmen at the Naval Academy. The four components of the MIDN instrumentation are illustrated relative to the five internal decks within the spacecraft with external sensor on the outside (also on the left figure) , second sensor on botton of the top deck, supporting electronics on the second deck, polyethylene absorber with third sensor on bottom of the third deck.
Navy and DoD flights
This project has been approved by both the Navy and DoD Space Experiments Review Boards for a potential flight opportunity, most likely on the International Space Station.
MIDN-II
A second generation version of the instrument, MIDN-II, is under development based on the MIDN-I flight experience. Improvements to the instrument include:
-increased use of digital electronics in place of analogue, -rechargeable dual batteries to reduce noise, -increased number of remote commands, -improved SOI sensor, -radiation hard 8051 microprocessor to interface with spacecraft subsystems.
